DBA/2J mouse contains two renin gene loci (Renld and Ren2d). Ren2d but not Renl d is expressed in submandibular gland (SMG) while both are expressed in the kidney. Based on in vitro studies, we have postulated that a negative regulatory element (NRE) in the renin gene promoter is involved in its tissue-specific expression. In this study, we examined the molecular mechanism at the in vivo level using direct gene transfer. Fragments of the Renld or Ren2d promoter were fused to a chloramphenicol acetyltransferase (CAT) gene expression vector. These constructs complexed in fusogenic liposomes were injected directly into the mouse SMG or intraarterially into the mouse kidney via the renal artery. The vector containing the CAT exhibited readily detectable in vivo expressions in both SMG and kidney. In the SMG, Renld fragment containing the NRE abolished CAT expression while deletion of the NRE restored CAT expression. The homologous fragment from the Ren2d promoter did not inhibit CAT expression while deletion of the 150-bp insertion resulted in the inhibition. Cotransfection of Renld construct with Renld-NRE oligonucleotides as transcriptional factor decoy restored CAT expression. Contrary to the SMG, transfection with Renld fragment-CAT construct or Ren2d fragment-CAT construct into the kidney resulted in similar levels of CAT expression. Interestingly, human cmyc NRE oligonucleotides which share homology with Renld-NRE competed effectively with these oligonucleotides for the regulation of Renld gene expression in vivo. This NRE sequence is also homologous to silencer elements found in multiple mammalian genes, suggesting the presence of a family of NRE/NRE binding proteins regulating expression of diverse genes. (J. Clin. Invest. 1995Invest. . 96:1230Invest. -1237
Introduction
Tissue-specific gene expression is dependent on the specific interaction of cis-DNA sequences with nuclear trans-activating proteins. Certain trans-acting factors are ubiquitous, whereas others exhibit temporal, tissue, and/or cell-specific expression.
trans-acting proteins plays an important role in tissue-specific regulation of gene expression such as IL-2 gene or T cell receptor gene (1, 2) . Further complexity is attained when multiple trans-acting factors, especially those exerting opposing effects, are able to bind to the same cis-element. In this case, competition for the same element can play an important role in gene regulation.
Renin, an aspartyl proteinase involved in the regulation of cardiovascular homeostasis, exhibits tissue-specific expression (3, 4) . We have focused our studies on the molecular mechanism of tissue-specific renin gene expression in mice. Certain strains of mice such as DBA/2J contain two renin gene loci (Renld and Ren2d), which show marked tissue specific expression (5) . For example, Renld, the homologue of the human and rat renin gene, is expressed in the kidney but not in the submandibular gland (SMG). On the other hand, Ren2d is expressed in both the kidney and SMG. Our previous in vitro studies using promoter-reporter gene chimeras as well as gel mobility shift assays suggest that tissue-regulated expression is dependent in part on the specific interaction of an NRE located in the 5 '-flanking region of the renin gene with NRE binding proteins (NREB) (6, 7) (Fig. 1 ). Our in vitro data suggested that in the kidney the effect of the NREB is attenuated by the competitive binding of cAMP responsive element (CRE) binding proteins (CREB). In extrarenal tissues such as the SMG, CREB appears to be inactivated (7) . Consequently, the NREB is able to bind to the NRE, resulting in the silencing of Renld in the SMG. On the other hand, Ren2d is expressed in the SMG because the NRE appears to be nonfunctional due to a 150-bp insertion that interrupts the NRE (8) .
These data were derived from biochemical or cell culture experiments using noncognate cells that require validation in vivo. An ideal approach is to use promoter-reporter gene chimeric plasmids in transgenic mice. However, this method is time consuming and species limited. To circumvent these problems, in this study we use a novel approach using in vivo gene transfer of promoter-reporter chimeras in combination with transcriptional factor decoy oligonucleotides. The transcriptional factor decoy method is based on the principle of competition for binding proteins between the cis-elements present in a target gene and exogenously added double-stranded decoy oligonucleotides corresponding to that cis-sequence. Several investigators have used this approach to block the activity of multiple transcriptional factors (9, 10) .
We have recently used a highly efficient and simple method 
Methods
Plasmid constructions (Fig. 2) . pUtkCAT is a mammalian expression vector encoding CAT under the control of a truncated herpes simplex virus thymidine kinase (tk) promoter (15) . pOCAT is a vector containing a CAT gene but no eukaryotic promoter (15 Luciferase assays. Luciferase assays were performed as described previously (18) (6) is underlined.
Single-stranded oligonucleotides were washed by 70% ethanol, dried, and dissolved in sterile Tris/EDTA buffer (10 mM Tris-HCl [pH 8 .0], 1 mM EDTA). The oligonucleotides were purified over a NAP column (Pharmacia LKB, Piscataway, NJ) and quantitated by spectrophotometer. Complementary pairs of single-stranded oligonucleotide were annealed for 2 h while the temperature descended from 80 to 250C. We used double-stranded phosphorothioate oligonucleotides as a decoy to decrease the degradation of the oligomer during the experiment.
Preparation of nuclear extract. Nuclear extract was prepared from SMG as described previously (7) . In brief, the SMG from 10 male DBA/2J mice (40-d-old, Charles River Breeding Laboratories) were removed quickly and homogenized with a Potter-Elvehjem homogenizer in 4 vol of ice-cold homogenization buffer (10 mM Hepes [pH 7.5], 0.5 M sucrose, 0.5 mM spermidine, 0.15 mM spermin, 5 mM EDTA, 0.25 mM EGTA, 7 mM /-mercaptoethanol, 1 mM PMSF). After centrifugation at 12,000 g for 30 min at 40C, the pellet was lysed in 1 vol of ice-cold homogenization buffer containing 0.1% Nonidet P-40 by homogenizing in a Dounce homogenizer. Then lysed nuclei were centrifuged at 12,000 g for 30 min at 40C and the pellet nuclei were washed twice with ice-cold buffer containing 0.35 M sucrose. After washing, nuclei were preextracted with 1 vol of ice-cold homogenization buffer containing 0.05 M NaCl and 10% glycerol for 15 min at 40C. The nuclei were then extracted with homogenization buffer containing 0.3 M NaCl and 10% glycerol for 1 h at 40C and the concentration of DNA was adjusted to 1 mg/ml. After pelleting the extracted nuclei at 12,000 g for 30 min at 40C, the supernatant fraction was brought to 45% (NH4)2SO4 and stirred for 30 min at 40C. The precipitated proteins were collected at 17,000 g for 30 min, resuspended in homogenization buffer containing 0.35 M sucrose, and stored in aliquots at -70'C.
Gel mobility shift assay. Double-stranded Renld-NRE oligonucleotides and c-myc NRE oligonucleotides, which have cohesive end, were labeled as primers at the 3' end with the Klenow fragment of Escherichia coli DNA polymerase I (GIBCO BRL, Gaithersburg, MD) using [a-32P]dCTP (sp act = 3,000 Ci/mmol; Amersham Corp.). After end labeling, 32P-labeled oligonucleotides were purified by Nick column (Pharmacia LKB). Binding reactions (10 pl) including each 32P-labeled primer (0.5-1 ng, 20,000 cpm) and 1 ,.g of polydeoxyinosinic-polydeoxycytidic acid (Sigma Chemical Co.) were incubated with 10 jsg of SMG nuclear extracts for 30 min at room temperature before loading onto a 5% polyacrylamide gel. The gels were subjected to electrophoresis and dried, and the labeled DNA was visualized by autoradiography (Fig. 3 A) , demonstrating that the 150-bp insertion may inhibit the NRE and NREB interaction. Kidney transfection. 20 male DBA/2J mice were divided into four groups. Mice were cotransfected with each CAT construct (pOCAT, pUtkCAT, pUtkCAT-Renl, and pUtkCATRen2) coupled with a luciferase reporter construct (pGL2-CV) (n = 5). The HVJ-liposomes complex (300 1l), containing 30 ,ug of plasmid DNA, was injected into the left kidney via left renal artery. Mice were killed 3 d later and CAT and luciferase activities in the kidney cortex fragment were measured. The vector, pUtkCAT, was significantly expressed in the mouse kidney as detected by CAT activity (331.8±18.8 cpm/mg protein) compared with that of kidney transfected with pOCAT (122.9+13.5 cpm/mg protein) (P < 0.05). The transfection efficiency monitored by luciferase activity showed no statistical difference among the groups (P = 0.77) and relative CAT activity was calculated as described previously (counts per mi-nute/picogram of luciferase). As shown in Fig. 3 B, the relative CAT activity was significantly higher in the pUtkCATtransfected kidney as compared with that of pOCAT-transfected kidney, demonstrating successful transfection and expression. However, the CAT activity level of pUtkCAT-transfected kidney was lower than that of pUtkCAT-transfected SMG. This may be due to a lower transfection efficiency of an intraarterial approach and the small population of renin-expressing cells in the kidney. Importantly, there were no significant differences in the relative CAT activities among pUtkCAT-, pUtkCATRenl-, and pUtkCAT-Ren2-transfected kidneys (Fig. 3 B) . Therefore, the silencing effect of Renld-NRE which we observed in the SMG was not observed in the kidney.
In vivo cis-and trans-interactions of renin promoter with double-stranded phosphorothioate Ren d-NRE oligonucleotides To provide further evidence that the interaction of NRE and NREB is involved in tissue-specific gene expression, we employed a decoy approach to modulate the expression of the promoter-CAT chimeric plasmids in vivo (9, 10). 28 base pair of phosphorothioate oligonucleotides containing the NRE sequence were used because of the reported increase of stability (9) . In preliminary experiments using FITC-labeled oligomers, intranuclear fluorescence could be observed 24 h after injection and was detectable for up to 7 d (data not shown).
48 male DBA/2J mice were divided into six groups (n = 8). pUtkCAT, pUtkCAT-Renl, or pUtkCAT-Ren2A150 was cotransfected with pGL2-CV into the SMG with or without double-stranded'phosphorothioate Reni d4-NRE oligonucleotides (28-bp, 15 ,uM final concentration) as decoy. 3 d later, the glands were removed and assayed for CAT and luciferase activity. Consistent with Fig. 3 as well as our previous cell culture studies, pUtkCAT was expressed at levels fourfold higher than pUtkCAT-Renl or pUtkCAT-Ren2A 150. It is important to note that cotransfection of the Reni d4-NRE decoy had no effect on the expression of CAT from pUtkCAT (Fig. 4) . On the other hand, these oligomers restored the CAT activity of pUtkCATRenI to those observed for pUtkCAT (P < 0.05 vs. pUtkCATRenl without decoy) (Fig. 4) . Moreover, RenJd-NRE decoy also restored the CAT activity of pUtkCAT-Ren2A 150 to those observed for pUtkCAT (P < 0.05 vs. pUtkCAT-Ren2/ 150 without decoy) (P < 0.05) (Fig. 4) . These data suggest that exogenously transfected NRE oligonucleotides competed with endogenous NREB, resulting in the inhibition of the binding of NREB to the NRE in the renin gene promoter.
Consensus silencing effect of Reni d-NRE
Mouse RenJ d-NRE shares homology with the silencer elements in the human renin gene (21 ) , the human c-myc gene ( 19), the chick lysozyme gene (22) , rat collagen II gene (23), and the human T cell receptor gene (24) 
(consensus sequence [TNN(T/G)TC(C/T)CA(C/G)AGG])
. Gel mobility shift assays using 32P-labeled Reni d-NRE probe and nuclear extract from the SMG demonstrated specific complex formation (Fig.   5 A) . This was ineffective (Fig. 5 B) . (Fig. 6) . Interestingly, human c-myc NRE decoy also restored CAT expression from pUtkCAT-Renl (P < 0.05 vs. pUtkCAT-Renl). In contrast, we did not observe any effect when mouse MHC-I NRE oligonucleotides were cotransfected with pUtkCAT-Renl (Fig. 6) . These renal renin expressions both in experimental animals as well as humans (3, 25) . This is particularly evident in the mouse in which extrarenal tissues such as SMG, adrenal gland, testis, and ovary express renin in significant concentrations which are un- Human c-myc NRE decoy also restored CAT expression from pUtk-CAT-Renl. In contrast, no effect on CAT expression was observed when mouse MHC-I NRE oligonucleotides were cotransfected with pUtkCAT-Renl. Results are expressed as mean±SE. n for each condition is noted on the graph. Statistical significance was assessed by AN-OVA followed by Scheffe's test.
der hormonal and genetic control. While some of the extrarenal renin in the mouse is due to the expression of a duplicated gene that is present in certain strains (e.g., DBA/2J), even the single renin gene mouse strains (e.g., C57 BL/1OJ) express renin in sites distinct from the kidney (26) . Although the human genome only contains one renin gene, we and others have shown that several extrarenal tissues in the human (i.e., adrenal, ovary, and placenta) clearly express renin messenger RNA and synthesize the protein (25, 27, 28 We observed similar results, finding that it was necessary to fuse the renin gene regulatory regions to a thymidine kinase promoter which was in turn linked to a reporter gene to create a functional expression vector. This construct allowed an examination of the putative regulatory regions of the renin gene. Our previous biochemical and in vitro studies suggested that tissueregulated expression is dependent on a complex interaction of positive and negative transcriptional factors competing for a specific cis-region (CRE/NRE) in the 5' region of the renin gene (7, 8) . In the kidney the positive factor, CREB (43 kD), binds to the cis-element under basal conditions, blocking the binding of the NREB (72 kD). This allows basal, constitutive expression of the renin gene. In extrarenal sites such as the SMG, the NREB is able to bind effectively to the region, since the CREB is inactivated by an inhibitory protein present in the extrarenal tissue, thereby inhibiting renin expression (7) (6, 8) . Thus, the regulation of renin expression at this sequence is similar to the dynamic interaction of nuclear factor-KB, v-rel, and inhibitor-KB or I-KB at the region of the KB sequence (30) (11) . This method is manyfold more efficient than the standard liposome method (14) and does not need complicated plasmid construction as retrovirus or adenovirus transfection requires. Using this gene transfer approach, we have shown that the renin promoter-CAT chimeric plasmids were expressed in a qualitatively similar fashion in vivo to that observed in cell culture. Importantly, the results differed quantitatively in that the magnitude of the inhibition of CAT expression was significantly greater in vivo than that observed in cell culture (6) . In vivo, pUtkCAT-Renl was expressed at only 10-15% of the level of pUtkCAT (after subtraction of the background levels as measured by pOCAT), while in cell culture the decrease was on the order of 50-60%. Moreover, the expression of pUtkCAT-Renl in vivo was not statistically different from that observed for pOCAT, suggesting that the presence of the NRE in the XbaI fragment completely suppressed CAT expression. Thus, the effects of the NRE on the expression of CAT from the thymidine kinase promoter are similar to the magnitude of (endogenous) suppression of Renld relative to Ren2 d and suggest that the NRE is sufficient to suppress renin expression. The discrepancy in the data may be explained by the fact that JEG-3 cell is a noncognate cell line which does not express renin (6) and probably does not contain the appropriate trans-acting factors required for specific renin gene expression. On the other hand, there were no differences in the CAT activity among pUtkCAT-, pUtkCAT-Renl-, and pUtkCAT-Ren2-transfected kidneys. The An approach to test the validity of cis-and trans-acting factors interaction involved in tissue-specific gene expression is the transcriptional factor decoy method. This assay is based on the in vivo competition for trans-acting factors. The competition is between the endogenous cis-elements present in a target gene and exogenously added oligonucleotides corresponding to that cis-sequence. This competition will attenuate the authentic cis-elements and trans-acting factors interaction, resulting in the removal of the trans-factors from the endogenous cis-element with the subsequent modulation of gene expression. Bielinska et al. (9) used this approach to block octamer transcription factor or nuclear factor-KB-dependent trans-activation in B cells. Sullenger et al. (10) reported that overexpression of trans-activation response element containing sequences rendered a CD4-positive human T lymphoid cell resistant to human immunodeficiency virus replication. Previously, we have hypothesized, based on the sequence homology, that the mouse renin NRE belonged to a family of negative elements that were found in numerous and disparate genes such as human renin, human T cell receptor, chicken lysozyme, and rat collagen H (6) . In this study, we have furthered the hypothesis by demonstrating that the NRE sequences are functionally similar in that both the renin and c-myc NRE exhibit decoy properties with respect to the SMG expression of pUtkCAT-Renl, while an unrelated negative element from the MHC-I gene had no effect. Whether the binding proteins which recognize these elements are identical or are also members of a family of proteins is unclear. It is possible that the NREB for mouse renin NRE and the NREB for c-myc NRE are different proteins. However, these proteins have a common DNA binding site, therefore they can recognize consensus NRE sequence. To our knowledge, this is the first validation of the silencing effect of a specific gene sequence demonstrated by direct gene transfer method in vivo.
Previous reports have used transgenic animals (38, 39) . Recently, we have purified an NRE binding protein by affinity chromatography using agarose bound NRE (40) . The ultimate cloning of the cDNA for this protein should further clarify this point.
In summary, we have identified a DNA sequence in the mouse renin gene (promoter) region which acts in vivo as a silencer. This sequence is conserved in many genes and may function as a consensus silencer in gene regulation. Our data demonstrate that in vivo gene transfer technique using the HVJliposome coupled with transcriptional factor decoy approach may provide a useful method for the general investigation of cis-and trans-elements interaction in tissue-specific gene regulation in vivo.
